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Vacuum fluctuations are a fundamental feature of quantized fields. It is usually assumed that observations
connected to vacuum fluctuations require a system well isolated from other influences. In this work, we
demonstrate that effects of the quantum vacuum can already occur in simple colloidal nano-assemblies pre-
pared by wet chemistry. We claim that the electromagnetic field fluctuations at the zero-point level saturate
the absorption of dye molecules self-assembled at the surface of plasmonic nano-resonators. For this effect
to occur, reaching the strong coupling regime between the plasmons and excitons is not required. This in-
triguing effect of vacuum-induced saturation (VISA) is discussed within a simple quantum optics picture and
demonstrated by comparing the optical spectra of hybrid gold-core dye-shell nanorods to electromagnetic
simulations.
The characteristic feature of plasmonic structures is their
intense near-field, which localizes electromagnetic (EM)
radiation to nanoscale volumes, far below the diffrac-
tion limit. The concentrated energy provided by these
plasmonic near-fields is at the heart of groundbreaking
inventions like surface enhanced Raman spectroscopy,1
nanoscale lasing,2,3 or plasmon-driven photosynthesis.4–6
Moreover, plasmon cavities could become future build-
ing blocks for affordable quantum technologies,7 as plac-
ing an absorber into an extremely confined plasmon
mode forms a cost-effective implementation of a room-
temperature quantum-cavity system.8,9 Compared to
traditional ‘far-field’ cavities, the high mode concentra-
tion in the plasmonic near-fields cause extremely large
light–matter coupling strengths. These permit to observe
the quantum nature of the cavity–absorber coupling al-
ready at ambient conditions and despite the poor quality
for typical plasmonic structures (bad cavity limit).7 One
of the most surprising results of quantum electrodynam-
ics (QED) is the existence of a finite-energy vacuum state
in an optical cavity.10 Its energy may be understood from
the generation and annihilation of virtual photons, which
correspond to a fluctuation in the EM vacuum field. A se-
ries of prominent effects based on these fluctuations can
be observed when placing an absorber into the cavity:
the Lamb shift,10,11 the Purcell enhancement of sponta-
neous emission,12 and the vacuum Rabi splitting of co-
herent light matter coupling.13 All of these have already
been more or less extensively studied also in the context
of plasmonic nano-resonators.9,14,15 It is less known that
vacuum fluctuations can also influence the absorbance.
In particular, the increased vacuum fluctuations in a cav-
ity mode can lead to an effect we termed vacuum-induced
saturation (VISA). It has been first discussed in terms of
a critical photon number below unity in the context of
optical bi-stability.16 In the early days of cavity QED,
it was moreover used as the emitter-related criterion for
reaching the strong coupling regime.17,18 But, due to the
low cavity losses in traditional cavities, the onset of VISA
marks also the onset of strong coupling.18 Hence, VISA
has rarely been discussed as a separate phenomenon.
In this article, we introduce the concept of VISA in
the context of plasmonic nano-resonators. As plasmonic
cavities have intrinsically low quality factors Q, VISA
can occur before the onset of the strong coupling regime.
Indeed, we demonstrate the presence of VISA in sim-
ple colloidal metal-core–dye-shell nanoparticles at room
temperature by showing that the optical spectra of these
systems are only correctly reproduced when taking VISA
into account. In particular, the inclusion of VISA re-
moves the discrepancy between experiments19,20 and pre-
viously published simulations based on non-saturating
models.21,22 The latter predict a pure shell mode that
is characterized by an additional absorption resonance,
which has never been observed experimentally. Inclusion
of saturation into the model removes this rogue resonance
and permits us to describe the extinction spectra with a
remarkable accuracy. To further strengthen the argu-
ment for the influence of VISA, we shown an excellent fit
for changing particle size with a fixed set of parameters.
VACUUM SATURATION
In many cases, the optical properties of atoms or
molecules can be sufficiently described by a quantum two-
level system. In contrast to a classical oscillator, this
quantized system can be saturated by a strong EM field.
This nonlinear effect becomes relevant when the intensity
of the EM-mode I exceeds the saturation intensity Isat
of the absorber:23–25
I
Isat
= 2 · 2I
c0
µ2
~2
· 1
γ2
= 2 · Ω
2
γ2
. (1)
Here, µ is the transition dipole moment. From this for-
mula, it is obvious that saturation occurs, if the light-
matter coupling energy, expressed in terms of the Rabi
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2FIG. 1. Sketch of different situations in which saturation occurs. Left: For low Ω0, saturation can only occur in a many photon
situation (n  1). Center: If Ω0 exceeds the absorbers linewidth γ, saturation occurs with less than one photon on average
(n < 1). Right: Saturation is also present in the strong-coupling regime, but here, Ω0 additionally exceeds the mean of γ and
the cavity linewidth κ. In high quality mirror cavities, the onset of VISA nearly coincides with the onset of the strong-coupling
regime. For plasmonic cavities, the onset of VISA occurs at lower Ω0 than the onset of the strong coupling regime.
frequency Ω = µ · E/~, exceeds the bare absorbers’
linewidth γ. The necessary strong light-matter coupling
is conventionally achieved by placing the two-level sys-
tem in an intense laser beam (Figure 1, left). Plasmonic
nanoparticles can provide similar light intensities by con-
centrating EM modes to ultra-small volumes. Interest-
ingly, if the particle sizes are chosen small enough, the
intensity necessary to achieve saturation corresponds to
an average of less than one photon in the cavity (Figure
1, center).
But how can saturation occur with less than one pho-
ton? Ω depends on the field strength E. In the vacuum
state |0〉 of a cavity mode, which is defined as absence of
photons in this mode, the expectation value of the electric
field vanishes, as 〈E〉 = 〈0|E |0〉 = 0. However, satura-
tion is an intensity related phenomenon. And contrary to
its field strength, the intensity of the ground-state fluc-
tuations does not vanish on average as25
Ivac =
1
2
c0 〈0|E2 |0〉 = ~ωEMc
4VEM
. (2)
Here, VEM represents the cavity’s EM mode volume and
ωEM is the mode frequency. The intensity of the vacuum
fluctuations is thus largely determined by the geometrical
confinement of the EM mode, as quantified by VEM. As
for plasmonic cavities VEM is extremely small, the vac-
uum intensity is accordingly high. Inserting the vacuum
intensity from eq. 2 into eq. 1 gives:
Ivac
Isat
= 2 · ~ωEM
2VEM
µ2
0
1
γ2
= 2
Ω20
γ2
. (3)
In contrast to eq. 1, the light–matter coupling is now
given by the QED derived coupling energy for zero pho-
tons, the vacuum Rabi frequency Ω0. To arrive from eq.
3 to eq. 1, Ω0 has to be multiplied by the number of
photons: Ω2 = Ω2n = Ω
2
0 · (n+ 1). We can thus interpret
the situation of Ivac > Isat as vacuum induced saturation
(VISA) of the absorber.
The criterion for the occurrence of VISA (Ω20 > γ
2/2)
is closely related to the criteria for the onset of the strong
light-matter coupling regime (Figure 1, right). However,
it makes no demands concerning the cavity quality. Thus,
for absorbers coupled to low quality plasmonic cavities,
with a cavity linewidth, κ, that by far exceeds γ, VISA
can occur well outside the strong coupling regime.
SUSCEPTIBILITY OF SATURATED ABSORBERS
The notion that vacuum fluctuations can saturate an op-
tical transition seems odd, at the very least. This is be-
cause one typically conceptualizes saturation as excita-
tion of a significant fraction of absorbers in an ensem-
ble. This way of thinking is intuitive in many cases,
on a quantum level it is however incorrect. Satura-
tion already occurs on the single absorber level.24 From
the perspective of the absorber, the near-resonant pho-
tonic mode changes the potential energy landscape of the
molecular states.26,27 The adjustment to this new land-
scape modifies the absorber’s polarizability (actually, it
can also modify the absorbers quantum states10 through
Stark effect and cavity Lamb shift). Consequently, a low-
intensity beam probing the absorber will perceive a de-
3creased absorber-susceptibility χ. For an absorber placed
in a time harmonic cavity mode, E = E0 · cos (ωt), χ as
perceived by a probe field is:25,28
χ(ω) =
fω0
2
ω0 − ω + iγ2
(ω0 − ω)2 + γ24 + Ω
2
2
. (4)
where ω0 describes the absorber’s resonance frequency
and f the dimensionless oscillator strength. This ex-
pression is very similar to the classical linear Lorentz-
oscillator resonance,25,28 frequently used to model res-
onances in dielectric materials.29 The saturation non-
linearity that distinguishes eq. 4 from its linear counter-
part, originates from the appearance of the light-matter
coupling energy, in form of the Rabi frequency Ω2/2, in
the denominator of eq. 4.28
Traditionally, the high field intensities that are re-
quired for saturation are generated by intense laser
beams.24 Since in this ”many-photon” case, Ω is mostly
calculated via the electric field strength, the saturation
seemingly vanishes for vanishing fields. However, for low
photon numbers the quantum “graininess” of the mode
becomes apparent and we must use the QED derived cou-
pling parameter Ω =
√
n+ 1 ·Ω0. As this Ω has the finite
ground-state value Ω0,
28 the saturation does not vanish,
either. Typically, for n < 1 the saturation is low enough
to be safely ignored. In plasmonic cavities, on the other
hand, Ivac, and thus also Ω0, is sufficiently high to cause a
measurable saturation effect: VISA. In other words, the
polarizability of the absorber is modified by the inten-
sity fluctuations in the ground-state cavity mode. It is
important to keep in mind, that VISA only modifies the
susceptibility of an absorber. The transition to the ex-
cited state of the absorber is only realized, if the absorber
is probed by a “real” photon, e.g. in a UV/Vis spectrom-
eter. The measured absorption spectrum in this case can
be interpreted as interaction of the probe photon with
the vacuum fluctuations of the cavity on the absorber.
VISA is by far not the only example in which this mixing
of vacuum fluctuations with an excited quantum system
leads to an observable physical effect. Some prominent
examples for this behavior are parametric fluorescence,
spontaneous emission, or vacuum Rabi splitting, which
are the “vacuum versions” of parametric amplification,
stimulated emission, and strong-field Rabi splitting.24,25
SATURATION IN HYBRID NANORODS.
The experimental investigation of VISA is generally chal-
lenging. To detect the characteristic spectral broadening
and intensity reduction, the undisturbed absorbers’ res-
onance must be precisely known. However, VISA can
also have more qualitative effects. For example, VISA
may have prevented the coupling of extremely narrow-
linewidth emitters to plasmonic resonators,30 as narrower
exciton linewidth causes a significant saturation. An-
other example are EM simulations of hybrid metal-core–
dye-shell nanoparticles. These predict a pure absorber
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FIG. 2. (a) Extinction spectrum of bare gold nanorods as
measured (solid orange line) and simulated with Mie–Gans
theory (dash-dotted blue line). (b) Extinction spectrum of
gold nanorods coated with TDBC as measured (solid orange
line), simulated with a classical shell susceptibility (dashed
red line) and a shell susceptibility including VISA (dash-
dotted blue line).
resonance21 that is however not observed experimentally.
In the following, we will show that including VISA in EM
simulations suppresses this rogue resonance, reconciling
the simulations with the experimental observations.
Mie–Gans theory is a well-known method for calcu-
lating the response of a layered nanorod system to EM
excitation.31 It allows the derivation of the system’s ex-
tinction from the particle’s dimensions (long and short
axis diameters and shell thickness) and the permittivities
 of the involved materials. Figure 2a presents the Mie–
Gans simulated extinction spectrum of a gold nanorod
(dash-dotted blue line) in comparison to an experimen-
tally measured spectrum of an aqueous nanorod disper-
sion (orange line). The short axis diameter of the parti-
cles was determined by transmission electron microscopy
(TEM) to be 18 nm, the long axis is left adjustable to
fit the plasmon resonance. A 1 nm thick citrate capping
layer is included32 (details on the model can be found
in the supporting information). The two resonances in
both simulation and experiment correspond to the trans-
4verse (520 nm – short axis) and the longitudinal plasmon
mode (600 nm – long axis) of the rod. The discrepancy in
the magnitude of the transverse resonance is a known is-
sue in EM nanorod simulations.33,34 We mainly attribute
the differences to agglomerations of rods and secondary
particles like spheres in the ensemble spectrum.
The experimental spectrum changes considerably af-
ter the gold particles are coated with a layer of the J-
aggregate forming dye TDBC (orange line in Figure 2b).
In particular, the coupling between core and shell induces
the longitudinal plasmon resonance to split into two new
resonances.
In the simulation, the shell permittivity shell is now
described by that of the dye material. In a classi-
cal simulation that does not consider VISA, this means
shell = ∞ + χclass with χclass corresponding to the
classical Lorentz susceptibility and ∞ introducing the
correction for off-resonant absorber transitions of higher
energy.21
Such a classical simulation can reproduce the splitting
of the longitudinal mode with good accuracy (dashed red
line in Figure 2b). However, the simulation shows a strik-
ing difference compared to the measurement: an addi-
tional third peak emerges close to the uncoupled absorber
resonance frequency. This resonance has been described
in several theoretical works21,22 on metal-core–dye-shell
nanoparticles. It corresponds to an absorption in the
shell without excitation of the metal core. To our knowl-
edge, it was however never observed experimentally.
For the simulation in Figure 2b, we chose the emit-
ter parameters in accordance with literature. We used
∞ = 1.7,21 an absorber linewidth of ~γ = 47 meV,35 as
well as an absorber resonance of ~ω0 = 2.0 eV (612 nm)
and an oscillator strength of f = 0.08.36 The shell thick-
ness of 3 nm was determined by TEM. Altering these pa-
rameters, also well outside the range found in literature,
did not remove this peak while keeping the experimen-
tally observed mode separation.
The presented model can be reconciled with the exper-
imental data by including VISA in the shell permittivity
(blue dash-dotted line in Figure 2b). The prerequisite
for a saturable quantum system is that the excitation
to the first excited state differs energetically from the
excitation of the second excited state.24 Because of the
high coupling strengths between the absorbers and the
cavity, the ensemble of absorbers acts coherently like a
giant oscillator.10 This situation is that of a single J-
aggregate,37 for which the absorption of the two-exciton
state is indeed energetically shifted compared to the one
exciton absorption. As J-aggregate ground-state bleach-
ing was observed in ensembles,38,39 as well as in core–
shell geometries,40 we approximate the shell as saturable
two-level system.
We replace the clasical susceptibility in shell with χ(ω)
of eq. 4 containing Ω0. While an ab initio calculation of
Ω0 is in principle possible within the framework of quasi
normal modes,41,42 it is very sensitive to the exact mate-
rial parameters and the geometry. To prevent ambigui-
ties, we use instead experimental values for Ω0, measured
by variation of the dielectric environment.43
Using ~Ω0 = 85 meV, the simulated extinction spec-
trum including VISA reproduces the experimental spec-
trum almost perfectly (dash-dotted blue line in Fig-
ure 2b), except for the previously mentioned issue with
the magnitude of the transverse resonance. We used the
same set of parameters as for the unsaturated suscepti-
bility, except for a slightly higher oscillator strength of
f = 0.11.36 The striking agreement between simulation
and experiment in Figure 2b presents strong evidence for
the presence of VISA.
Note that the experimental spectrum was recorded in
a conventional transmission spectrometer in the low ex-
citation limit. That means, the average time between
two consecutive photons reaching a particle exceeded by
far the average lifetime of the plasmon and a lowering of
probe light intensity had no influence on the spectrum.
In other words, a single photon in the spectrometer can
already probe the saturation, which therefore must be a
result of a ground-state modification. This situation is
similar to vacuum Rabi splitting, where one photon is
sufficient to see the mode splitting.
We further tested the VISA model by simulating parti-
cles with different particle sizes corresponding to different
coupling energies.35 In addition to the analytical Mie–
Gans calculation, we now also used a numerical FEM
solver to determine whether the exact particle shape in-
fluences the outcome. In both calculations we used the
particle dimensions as determined by TEM. Moreover,
we used the same parameters set for TDBC mentioned
earlier, except for Ω0, which we varied according to the
measured mode splittings.
The upper row in Figure 3 presents experimental and
calculated spectra for particles with a transverse diame-
ter of 11 nm, 18 nm, 34 nm, and 37 nm, which support a
coupling strength Ω0 of 100 meV, 85 meV, 77 meV, and
65 meV. The agreement between measured spectra and
model is remarkable. Mie–Gans and FEM simulations
are consistent, no shell resonances appear at the posi-
tions of the ”bare” absorber and in all cases, the split
resonance is very well reproduced. The slight mismatch
for the smallest particles is probably caused by the in-
creased surface damping in such small particles, which
modifies the permittivity of gold.44
The lower row in Figure 3 presents Mie–Gans and FEM
simulations for the same particles as in the upper row,
using the same parameter set, except for using χclass in
in the shell permittivity. In all cases, the additional ab-
sorber peak emerges. As the saturation increases with
coupling strength, the rough resonance becomes more
pronounced for higher coupling strength. However, we
emphasize that due to the large plasmon bandwidth, only
the smallest particles support strong coupling.18,45 This
confirms that only the relation between Ω0 and γ is the
relevant criterion and VISA can indeed occur in the bad
cavity limit.
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FIG. 3. The upper row shows the extinction spectra of TDBC-coated gold nanorods of different sizes as measured (orange solid
lines) and simulated with to the Mie–Gans model (dash-dotted blue lines) and FEM simuations (dashed dark blue lines). Both
models include VISA. All particles have the same aspect ratio but a varying transverse diameter of 11 nm, 18 nm, 34 nm, and
37 nm (from left to right). The simulations included VISA. The lower row presents the same measured spectra for the same
particles (orange lines) with Mie–Gans-simulated (dashed red lines) and FEM–simulated (dotted dark red lines) that did not
include saturation.
CONCLUSION
In conclusion, we introduced the concept of vacuum
induced saturation (VISA) of absorbers in plasmonic
nanocavities. VISA is caused by the intensity fluctua-
tions of an electromagnetic mode, which are inversely
proportional to its mode volume. Plasmonic modes with
sub-diffraction volumes hence possess extreme vacuum
intensity fluctuations. These cause a reduction in the
polarizability of the absorber, which effectively saturates
its resonance. We presented evidence for VISA by the
example of simple gold-core–dye-shell nanorods.
We make our predictions accessible to numerical mod-
eling by including VISA into the susceptibility, which is
the essential parameter in the context of Mie scattering.
In our experimental system of core–shell nanorods with a
plasmonic core and an excitonic absorber shell, classical
models predict a resonant mode of the particle shell that
has never been observed in experiments. This mode is
indeed suppressed when VISA is included in the model.
We take the fact that the inconsistencies of experiment
and theory can be removed elegantly with a single pa-
rameter, the coupling strength, as a strong evidence that
VISA occurs in plasmon absorber systems and can be in-
corporated into the modeling as specified. The evidence
is further supported by the fact that only the coupling
strength has to be adjusted for simulating rods of differ-
ent size.
The presented insights suggest that QED effects can
be relevant in plasmonic systems well outside the strong
coupling regime and at least a part of the rich physics
of quantum non-linearties,46 such as large single photon
phase shifts, strongly non-classical photon statistics of
scattered light or applications such as single photon log-
ical gates,47 might be accessible with less effort in sim-
ple and cost-effective systems. Moreover, the extremely
short lifetimes of plasmonic excitations can be a poten-
tial benefit for ultrafast photon routing or switching in
high-rate quantum information processing.
SUPPORTING INFORMATION
Details on sample preparation and characterization, mea-
surements of Ω0, analytical and numerical simulations are
presented in the supporting information.
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Here, we give a concise summary of the relevant experimental methods followed by details on the simu-
lations of the extinction spectra.
I. HYBRID GOLD–TDBC NANORODS
We fabricated hybrid nanorods along the lines of a procedure first published by Lekeufack et al.1
In short, 5,5’,6,6’-tetrachloro-1,1’-diethyl-3,3’-di(4sulfobutyl)benzimidazolocarbocyanine (TDBC, from
FEW Chemicals) was dissolved in NaOH (cNaOH = 10
−5 mol/l) to a concentration of cTDBC ≈ 1 mmol/l.
Gold nanorods with a citrate ligand were added to the TDBC solution with a ratio of 1:1. After 48 h,
the TDBC coated nanorods were washed by centrifugation.
In the experiments, we used rods of four different sizes, with short axis diameters of nominally 10 nm,
25 nm, 40 nm, and 50 nm. The length of the long axes was chosen such that the aspect ratios was
approximately 2 for all rods and hence, the resonance of the longitudinal plasmon mode was around
600 nm, which is close to the absorbers’ resonance.
II. CHARACTERIZATION
For higher precision of the simulations, we measured the exact particle dimensions and the coating layer
thickness by transmission electron microscopy (TEM). In a JEM-1011 (JEOL Japan), we recorded ensem-
ble images for each particle size and retrieved the respective long and short axis diameters. Representative
images are presented in Figure 1. The results of the size measurements are summarized in Table I.
In a separate measurement, we employed another transmission electron microscope (JEM-2100, JEOL
Germany) to determine the thickness of the TDBC coating. A typical image of a TDBC-coated gold
nanorod is presented in Figure 2. We retreived a shell thickness of 3 nm. This value agrees well with
previously published values for TDBC monolayers.2
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FIG. 1. Typical TEM images of the gold nanorods. The transverse diameters were retrieved to be (a) 11 nm, (b)
18 nm, (c) 34 nm, and (d) 37 nm
Nominal short Recorded short Recorded long
axis length [nm] axis length [nm] axis length [nm]
10 11 ± 1 23 ± 4
25 18 ± 3 35 ± 6
40 34 ± 4 64 ± 7
50 37 ± 3 71 ± 5
TABLE I. Summary of measured particle sizes from TEM images.
III. MEASUREMENT OF VACUUM RABI FREQUENCY
We measured the plasmon–exciton coupling strength using a dielectric shift technique. For that purpose,
we deposited gold nanorods on a substrate and subsequently covered the samples with thin layers of
polyelectrolytes.3 This provided a way to tune the particle plasmon resonance, and the anticrossing with
the absorber resonance directly yielded Ω0 for the particles investigated here.
4
Glass substrates were modified by spin-coating a layer of polyelectrolyte layers poly-ethy-leneimine (PEI)
and a layer of poly-sodium 4-styrenesulfonate (PSS). The TDBC coated nanorods were drop-cast onto
the substrates and given 12 h time for adsorption before residuals were washed away with purified water.
A series of samples with different thicknesses of spin coated multilayers of PSS and poly-allylamine
hydrochloride (PAH) on top of the particles was created. All mentioned chemicals were purchased
form Sigma Aldrich. For each sample, an absorption spectrum was recorded. In order to separately
assess the shift of the plasmon spectrum in the absence of TDBC, each sample was photobleached with
330 nm
3 nm
FIG. 2. Typical TEM image with of the TDBC coated gold nanorods, with the 3 nm TDBC monolayer clearly
visible. The image shows the presence of spherical particles, which influence the high energy plasmon spectrum.
a continuous-wave laser working at 532 nm with a power of 10 W.3 Again, a spectrum was recorded
of each sample after the bleaching process to determine the spectral position of the ’bare’ plasmon
resonance. The (longitudinal) maximum positions of the coupled spectra were eventually plotted against
the (longitudinal) maximum positions of the bleached spectra. The resulting anticrossing could be fitted3,4
by
ω± =
ωpl + ωex
2
±
√
(ωpl − ωem)2
4
+ Ω20 (1)
with ω± as upper and lower branch of the anticrossing and ωi as resonance of plasmon (i = pl) or exciton
(i = ex). The fit directly yields the vacuum Rabi frequency Ω0. With this procedure, we experimentally
obtained ~Ω0 for the four particle sizes to be 116 meV, 78 meV, 73 meV, and 54 meV (from smallest to
largest particles, respectively).4
The slight deviation of the values of Ω0 used in the article and the measured ones presented here can
easily be explained by the difference of chemical environments in the two sets of experiments (in one case,
particles were immobilised on a substrate, in one case, the particles wee dispersed in solution).
IV. ANALYTICAL SIMULATIONS
The extinction spectra of the hybrid gold-core–dye-shell nanorods were calculated according to the es-
tablished Mie–Gans procedure as detailed by Bohren and Huffmann.5
Mie–Gans theory provides an expression for the dipolar polarizability α0,j of a core–shell nanospheroid
along the long (j = a) or short (j = b) axis. With the permittivities of the core (core), the shell (shell)
and the surrounding medium (med), it reads as
5,6
α0,j = V
(shell − med)u + gshell(core − shell)
(med + L
(2)
j (shell − med))u + gL(2)j shell(core − shell)
. (2)
Here, u = shell + (core − med)(L(1)j − gL(2)j ) with the depolarization factors L(1,2)j for the inner (1) and
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FIG. 3. Measurements and simulations of the bare gold nanorods. The solid orange lines repesent the measurement
data, the dashed red lines represent the analytical data retrieved from Mie–Gans theory, the dash-dotted blue
lines represent the numerical simulations.
outer (2) spheroid and g as the inner spheroid’s volume fraction of the total volume V .
We account for the finite particle size by applying the modified wavelength approximation6,7 to obtain a
modified polarizability α as
αj = α0,j
(
1− i α0,j
6pi0
k3 − α0,j
4pi0
k2
sj
)−1
(3)
where k is the wave vector in the medium and sj the respective semiaxis.
The extinction cross section σext,j can be computed straight-forwardly from this polarizability as
σext,j =
k4
6pi20
|αj |2 + k
0
Im(αj) . (4)
As the particles were dissolved in solution and consequently randomly oriented, we included all three
axes with a weighting factor of 1/3.5
In the simulations, the permittivity of gold was taken from literature,8 while a value of shell = 1.54
2 was
assumed for the 1 nm citrate shell.9 The short axis diameter of the particles was taken from the TEM
measurements. As real nanorods do not have the exact spheroidal shape assumed in the Mie–Gans model,
we adjusted the long axis length such that the calculation fitted the experimental plasmon resonance. A
comparison between simulations and measurements is given in Figure 3.
V. NUMERICAL SIMULATIONS
We used the commercial finite element method (FEM) solver for Maxwell’s equations JCMSuite and
applied cylindrical coordinates. Instead of spheroids, we used cylinders with rounded edges to model the
rods. Rod dimensions and curvatures were retrieved from TEM images. The other parameters (shell
thickness, permittivities) were identical to those used in the analytical simulations as described in the
text. Cross sections were calculated as the mean from three plane wave light sources, one propagating
parallel and two orthogonal to the long axis of the rod, respectively. The latter two are either polarized
along the short or the long axis of the rod. This average was tested to yield the same results as a
significantly more time consuming average over all possible angles of incidence that must be used in
principle for non-spherical particles with larger aspect ratios. The results for the bare particles are
presented in Figure 3.
5VI. CLASSICAL OSCILLATOR AND SATURATION PROFILE
Commonly, an absorber is approximated as a Lorentz oscillator with resonance frequency ω0 and linewidth
γ. For an ensemble of oscillators, a macroscopic material model can be derived, represented by a suscep-
tibility χclass as
10
χclass(ω) =
fω20
ω20 − ω2 + iγω
≈ fω0
2
ω0 − ω + iγ2
(ω0 − ω)2 + γ24
(5)
where the dimensionless oscillator strength f is proportional to the absorber density. The approximation
is valid for ω  γ, close to resonance.
Within this linear response model, no saturation can occur. Non-linearities are included if the absorbers
are treated as two-level systems in an oscillating classical electric field E = E0 cosωt. In this case, the
susceptibility can be derived from the optical Bloch equations and reads10,11
χ(ω) =
fω0
2
ω0 − ω + iγ2
(ω0 − ω)2 + γ24 + Ω
2
2
. (6)
where Ω = µE0/~ is the Rabi frequency. It is instructive to write χ in terms of a saturation parameter s:
χ(ω) =
χclass(ω)
1 + s(ω)
(7)
with
s(ω) =
Ω2
2
(ω0 − ω)2 + γ24
=
I
Isat
γ2
4
(ω0 − ω)2 + γ24
. (8)
When s is small, χ is not different from the classical solution. As soon as s becomes non-negligible
(around I = Isat near resonance), χ is reduced and for extremely high intensities pushed towards zero
indicating a saturation of the absorbers.
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